Background: Recent research suggests that posttraumatic stress disorder (PTSD) is associated with altered amygdala and hippocampal resting-state functional connectivity (rsFC). However, less research has examined whether Prolonged Exposure (PE), a first line exposure-based treatment for PTSD, has the potential to alter resting state neural networks.
INTRODUCTION
Psychotherapy research in posttraumatic stress disorder (PTSD) has recently begun using neuroimaging methods to assess structural and functional (Fonzo et al., 2017a,b; Helpman, Marin, et al., 2016) neural alterations of evidence-based treatments. Prolonged Exposure (PE) therapy is a relatively brief, highly structured, exposure-based treatment, considered to be effective in treating PTSD (Bradley, Greene, Russ, Dutra, & Westen, 2005) .
PE utilizes repeated imaginal and in vivo exposure procedures to achieve habituation and eventually extinction of fears associated with traumatic memories (Foa & Kozak, 1986; Foa, Hembree, & Rothbaum, 2007; Rauch, Eftekhari, & Ruzek, 2012) . While previous research has established the clinical efficacy of PE (Taylor et al., 2003) , the question whether PE has the potential to alter resting state neural networks remains mostly unanswered, with only one well-powered, controlled study addressing this critical question (Fonzo et al., 2017b) .
Research has implicated several neural pathways warranting further exploration in the context of PE. First, PE has been conceptualized as a "fear-extinction" therapeutic approach (Morrison & Ressler, 2014) , during which patients habituate to trauma reminders in a safe environment. Indeed, it was suggested that in PTSD impaired top-down regulation of the amygdala by frontal cortical regions and hippocampus may lead to deficient fear-extinction processes (Rauch, Shin, & Phelps, 2006) . Accordingly, studies have shown aberrant amygdalaand hippocampus-linked circuitry involving the mPFC, insula, and ACC in PTSD. For example, Stevens et al. (2013) found decreased amygdala-ventromedial prefrontal cortex (vmPFC) connectivity in patients with PTSD using an emotional fMRI task (Stevens et al., 2013) .
Additionally, resting state functional connectivity (rsFC) studies found reduced amygdala-hippocampus and amygdala-rACC connectivity and increased amygdala-insula connectivity in PTSD, which may reflect enhanced attention to threat and biased memory for adverse events (Rabinak et al., 2011; Sripada et al., 2012) . Furthermore, recent studies argued that the PFC regulates the basolateral amygdala (BLA), involved in fear acquisition, and the central medial amygdala (CMA), involved in fear expression and execution of fear responses (Duvarci & Pare, 2014) , processes implied in PE. Still, no study to date has examined differences in rsFC between these amygdala sub-regions, the hippocampus, and cortical regions, before and after treatment.
Neuroimaging research examining brain-related changes following exposure-based psychotherapies has produced additional relevant, albeit mixed, results. Volumetric studies in civilian patients with PTSD have shown volume reduction in the ACC following PE , volume increased in the amygdala following eye movement desensitization and reprocessing (EMDR; Laugharne et al., 2016) , and volume increased in the hippocampus following cognitive behavioral therapy (CBT; Levy-Gigi, Szabo, Kelemen, & Keri, 2013 ). In contrast, no changes were noted in these areas in other PE studies (Laugharne et al., 2016; Rubin et al., 2016) , brief eclectic psychotherapy (BEP; (Lindauer et al., 2005) or trauma-focused therapy (van Rooij et al., 2015) .
Task-based fMRI studies have reported more consistent results for the amygdala and insula in patients with PTSD. Reduced amygdala activation was found following exposure therapy using an affective Stroop task in patients with war-related PTSD (Roy, Costanzo, Blair, & Rizzo, 2014) , following CBT using an affective viewing task in battered women (Aupperle et al., 2013 ) and an emotional face task in a mixed sample (Felmingham et al., 2007) , and following exposure-based therapy and cognitive restructuring (ETCR) using a traumatic memory retrieval task among police officers (Peres et al., 2011) . Also, reduced insula activity was found following CBT using an affective viewing task in battered women (Aupperle et al., 2013) and following PE using an affective anticipation task in veterans (Simmons, Norman, Spadoni, & Strigo, 2013) . Nonetheless, mixed results were reported for the hippocampus, ACC, and PFC in other task-based fMRI studies.
For the hippocampus, among heterogeneous PTSD samples, higher activity was found using an emotional facial viewing task following CBT (Felmingham et al., 2007) , while reduced activity was reported using a similar emotional face task (Dickie, Brunet, Akerib, & Armony, 2011) . Reduced rostral ACC (rACC) has been found following PE using a conditioning-extinction task (Helpman, Marin, et al., 2016) and following CBT using an emotional face task (Felmingham et al., 2007) .
Per dorsal ACC (dACC), decreased activation was found in physical or sexual assault patients following cognitive behavioral stabilizing group treatment using a Stroop task (Thomaes et al., 2012) , while increased activation has been observed in battered women using an affective viewing task (Aupperle et al., 2013) and in military service members following PE using an affective Stroop task (Roy et al., 2014) . Finally, reduced vmPFC activation was found following exposure therapy using an affective Stroop task in patients with war-related PTSD (Roy et al., 2014) , and decreased dorsal lateral PFC (dlPFC) activity was found following CBT using an affective viewing task in battered women (Aupperle et al., 2013) . In contrast, increased activation in the mPFC was found following ETCR among police officers using a traumatic memory retrieval task (Peres et al., 2011) , and using an emotional reactivity and regulation task following PE (Fonzo et al., 2017a) .
Finally, to our knowledge, only one study to date has specifically investigated the effects of PE on rsFC patterns in PTSD, reporting increased resting dynamics of the lateral frontopolar cortex among patients with PTSD after treatment (Fonzo et al., 2017b) . While considered an essential step in understanding the neural substrates of PE, the use of a waiting list as a control group can only provide a partial answer to the effects of PE on rsFC. As suggested by Fonzo et al. (2017b) , it remains unclear whether the observed post-treatment functional changes reflected a normalization of neural abnormalities or compensatory neural adaptations.
Here, we conducted a resting-state longitudinal fMRI study in patients with PTSD before and after PE to further elucidate its neural markers, utilizing a relatively larger sample than commonly found in treatment studies. Patients with PTSD and trauma-exposed healthy control group (TEHC) were matched on age, sex, and trauma (type and duration). We compared groups before and after treatment to determine whether PE has the potential to alter resting state neural networks. And if so, whether neural changes post-PE reflect a normalization of functional connectivity (i.e., resembling TEHC) or reflect other compensatory mechanisms alleviating PTSD symptoms.
In line with the research described above, we hypothesized (1) PE would be associated with increased connectivity in amygdala-PFC and hippocampal-PFC pathways similar to TEHC, (2) changes in FC post-PE would correlate with PTSD symptom severity reduction, and (3) amygdala sub-regions-PFC connectivity would moderate treatment response. However, given the lack of research investigating amygdala sub-regions we did not have an a priori directional hypothesis.
METHODS

Participants
Progress through the study stages is summarized in CONSORT (Figure 1) . Forty-three patients with PTSD completed baseline assessment and received a 10-session PE. Thirty-seven TEHCs completed the baseline assessment and allocated to a 10-week waiting period.
Fourteen patients with PTSD and 8 TEHCs dropped out of the study, yielding 60 (31 patients with PTSD and 29 TEHCs) participants who completed the study protocol (dropout rate for patients with PTSD:
32.6 %). There was no significant difference between dropouts and F I G U R E 1 CONSORT figure completers in the PTSD group for age (P = 0.79), sex (P = 0.27), years of education (P = 0.45), baseline CAPS (CAPS total score: P = 0.71; CAPS re-experience: P = 0.85; CAPS Avoidance: P = 0.73; CAPS Dysphoria: P = 0.38; CAPS Hyperarousal: P = 0.07; CAPS Dissociative: P = 0.71), and HAM-D (P = 0.73). There was no significant difference between dropouts and completers in the TEHC group for age (P = 0.60), sex (P = 0.30), or years of education (P = 0.80).
We previously reported functional (Helpman, Marin, et al., 2016) and structural 
Treatment
Patients with PTSD underwent a standard PE protocol (Foa et al., 2007) , consisting of ten 90-min sessions in which patients narrate an increasingly detailed trauma account (imaginal exposure) and confront trauma reminders for homework (in vivo exposure) to extinguish fear responses. The study therapists were psychologists or clinical social workers. Following established procedures (Markowitz et al., 2015; Schneier et al., 2012) , each therapist treated a minimum of two pilot cases to ensure expertise prior to treating patients enrolled in the study. Therapists were audiotaped, monitored for adherence, and supervised by experts to ensure competence. Clinical evaluations and MRI scans were conducted at baseline (week 0) and posttreatment (session 10). FMRI data were preprocessed using MATLAB version R2016a (The MathWorks, Inc., Natick, MA, USA) and statistical parametric mapping software (SPM12; Wellcome Trust Centre for Neuroimaging, UCL, London, UK). All functional images were slice-time and motion corrected, co-registered to each participant's T1-weighted structural image, normalized to Montreal Neurological Institute (MNI) canonical template, and smoothed with an 8 mm full-width-at-half-maximum (FWHM) Gaussian kernel (Zhu et al., 2017) .
Image procedures
Statistical analysis
Seed-based analysis was carried out using CONN-fMRI FC toolbox v13. Prior to correlation analysis, band-pass filtering with a frequency window of 0.01-0.09 Hz was performed. Outliers were detected using Artifact Detection Tools (ART) implemented in CONN. Outlier volumes within each subject identified as having large spiking artifacts (SD > 3), or large motion (threshold = 0.5 mm). Anatomical images were segmented into grey matter, white matter (WM), and cerebrospinal fluid (CSF) regions. The mean WM and CSF time series were calculated by averaging signal over all voxels within WM or CSF mask. Mean WM and CSF time series were then used as covariates of no interest since signal changes in the WM and CSF primarily represent non-neural fluctuations such as physiological artifacts and scanner instabilities. Covariates corresponding to head motion (6 realignment parameters and their derivatives) and outliers detected using ART were also used in the connectivity analysis as covariates of no interest and removed from the BOLD functional time series using linear regression.
Six of the 31 patients with PTSD and two of the 29 TEHCs were excluded from further analysis due to movement exceeding 1.5 mm and >20% of each subject's data points having been detected as outliers at either the baseline or follow-up session. One TEHC and one patient with PTSD's posttreatment scan were not available.
The FC analysis thus included 26 TEHC and 24 patients with PTSD.
To verify that head motion was equivalent between groups and between pre-and postscans after excluding these participants, we utilized t-tests to examine motion parameters for group differences at pre-and postscans or differences between pre-and postscans.
Specifically, two t-tests were used to assess motion parameters group differences, one for baseline scans and one for posttreatment scans. In addition, two t-tests were used to assess pre-and postmotion parameters differences. To acquire a summary measure of motion, the root-mean-square of absolute displacement (RMS_abs: total displacement in any direction relative to a single reference volume) and relative displacement (RMS_rel: total displacement in any direction relative to the preceding volume) were calculated for each participant at pre-and postscans (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012) . The motion parameters were not different between groups at baseline (RMS_abs: P = 0.45; RMS_rel: P = 0.2), or at the posttreatment (RMS_abs: P = 0.6; RMS_rel: P = 0.5).
Additionally, the motion parameters between pre-and postscans were not different (RMS_abs: P = 0.2; RMS_rel: P = 0.3). The mean bloodoxygen-level-dependent (BOLD) time series was computed across all voxels within each seed region of interest (ROI). Bivariate regression analyses were used to determine the linear association of the BOLD time series between seed ROIs to other brain voxels for the whole brain analysis. We examined both positive and negative correlations.
The resultant correlation coefficients were transformed into z-scores using Fisher's transformation to satisfy normality assumptions. In line with previous neuroimaging studies of brain-related changes following exposure-based PTSD treatments, we chose the subcortical regions such as amygdala subregions (BLA and CMA) and hippocampus as seed regions, and we further examined the rsFC to cortical areas such as mPFC, insula, and ACC. Masks were created with the anatomical 70% FSL Harvard-Oxford maximum likelihood subcortical atlases (Desikan et al., 2006) , with 6935 voxels in BLA (each side) and 2878 voxels in CMA (each side), after normalization to a standard template (2 × 2 × 2). Whole brain connectivity patterns were assessed using the seed ROIs (BLA, CMA, and hippocampus) in PTSD and TEHC at both baseline and follow-up. Consistent with previous studies (Akdeniz et al., 2014; Fernandez-Espejo, Rossit, & Owen, 2015; King et al., 2016; Konova, Moeller, Tomasi, Volkow, & Goldstein, 2013) , a threshold of P FWE < 0.05 whole brain voxel-wise, family-wise-error-rate (FWE)-corrected with a minimum of 20 voxels was used. To disentangle treatment effects from habituation to scan procedures or time effects, we carried out a two-by-two group (PTSD, TEHC) by time (pre-, post-) ANOVA. All contrasts were tested within predefined target regions created with the anatomical 70% FSL Harvard-Oxford maximum likelihood cortical and subcortical atlases including the insula, subcallosal cortex, mPFC, OFC, ACC, and thalamus as implicated in previous PTSD neuroimaging research (Garfinkel et al., 2014; Helpman, Marin, et al., 2016; Levy-Gigi et al., 2013) . First, we identified clusters showing significant group-by-time interaction (p FWE < 0.05; FWE), and small volume corrected within a priori regions. We then extracted mean cluster values using MarsBaR (https://marsbar.sourceforge.net) and subjected these to post hoc tests. To test the direction of the main effect of group and time, post hoc paired t-tests were used to detect pre to post changes in PTSD and TEHC and post hoc independent t-tests were used to detect rsFC difference between patients with PTSD and TEHC at pre-or posttreatment in SPSS 22. Alpha-values were Bonferroni corrected for the number of post hoc t-tests conducted for each pathway and each CAPS sub-scores (e.g., 0.05/24 = 0.002; Koch et al., 2016) . We further assessed the relationships between changes in rsFC and changes in PTSD symptoms on the CAPS and CAPS subscales in the PTSD group using Pearson correlation analysis. 
TA B L E 1 Demographic and clinical characteristics of the sample (N = 50)
TEHC (N
RESULTS
Demographic and clinical outcomes
Groups did not differ on age (t = 0.03, P = 0.98), sex (P = 0.86), race (P = 0.46), trauma age (P = 0.43), and duration (P = 1) (see Table 1 ), but differed in years of education (t = 2.70, P = 0.009). Following PE, 62.5%
of patients with PTSD showed more than 50% reduction in symptoms measured by CAPS, with 33.3% of patients remitted following treatment (i.e., more than 75% reduction in symptoms).
Expectedly, patients with PTSD, compared to TEHC, had greater PTSD symptom severity, measured by CAPS, and depression symptom severity, measured by HAM-D, at both baseline (P < 0.001 for both measures) and follow-up (P < 0.001 for both measures). Patients with PTSD had significantly lower scores on the CAPS and HAM-D at follow-up compared with baseline (mean difference = 50.8, t = 10.92, P < 0.001 for CAPS and mean difference = 6.7, t = 4.03, P < 0.001 for HAM-D), whereas TEHC subjects showed no meaningful symptomatic change (mean difference = 1.3, t = 1.16, P = 0.87 for CAPS, mean difference = 0.4, t = -0.56, P = 0.29 for HAM-D).
Functional connectivity
Observed patterns of CMA and BLA FC with the whole brain in PTSD and TEHC at both baseline and follow-up are depicted in 
Relationship between functional connectivity and clinical measures
We 
DISCUSSION
This study is the first to examine changes in rsFC following PE using amygdala sub-regions (BLA, CMA) and hippocampus seeds in patients with PTSD compared to matched TEHCs. Patients with PTSD exhibited significantly lower BLA-and CMA-OFC and hippocampus-vmPFC rsFC at pretreatment compared to TEHCs, whereas no group differences were found for these pathways posttreatment. Patients with PTSD exhibited increased rsFC in these same pathways from pre-to posttreatment, while no changes were noted for the TEHC group.
Decreased amygdala-OFC rsFC in patients with PTSD as compared with TEHCs at pretreatment suggests that lower baseline connectivity levels between these areas may interfere with successful encoding or processing of emotional trauma-related information.
The increased amygdala-OFC rsFC following treatment may reflect amygdala-OFC rsFC plastic recovery following PE in patients with PTSD. This posttreatment heightened connectivity may result from the repeated extinction procedures utilized during therapy, namely, imaginal and in vivo exposure, as both amygdala and PFC are considered key components of the corticolimbic circuit involved in emotional processing, where top-down PFC processes regulates amygdala (Motzkin, Philippi, Wolf, Baskaya, & Koenigs, 2015) . These observed changes in amygdala rsFC following PE is in accordance with previous findings. First, amygdala and OFC were found to be anatomically interconnected (Ghashghaei & Barbas, 2002; Wallis, 2007) , suggesting that OFC may modulate amygdala reactivity in the regulation of negative emotions (Banks, Eddy, Angstadt, Nathan, & Phan, 2007) .
In addition, recent research has demonstrated that more efficient crosstalk between amygdala and PFC predicts better emotion regulation and less anxiety in healthy controls (Kim, Gee, Loucks, Davis, & Whalen, 2011). Second, although there have been few rsFC longitudinal studies of psychiatric disorders, and none for PTSD, emerging neuroimaging evidence shows psychotherapies can increased amygdala connectivity with medial OFC (Mansson et al., 2013) , dorsolateral PFC (Mason, Peters, Dima, Williams, & Kumari, 2016) , dorsomedial PFC (Goldin et al., 2013) , and mPFC (Peres et al., 2011) . Finally, research suggests baseline amygdala-PFC rsFC predicts symptom change after cognitive behavioral therapy in PTSD (Klumpp, Keutmann, Fitzgerald, Shankman, & Phan, 2014) . Still, to our knowledge, no prior study has examined amygdala resting-state connectivity changes following exposure-based psychotherapy for PTSD.
TA B L E 2
Group-by-time interaction effects on rsFC using BLA, CMA, and hippocampus (HIP) seeds Different regions of the OFC may have distinct connectivity patterns and specialize in distinct functional roles. The lOFC is characterized by stronger connections with the amygdala, midline thalamus, and insula (Morecraft, Geula, & Mesulam, 1992) , with functional connectivity associated in suppressing responses to previously rewarded stimuli (Elliott, Dolan, & Frith, 2000) and responds to aversive outcome We also found stronger hippocampal-PFC connectivity in patients with PTSD following PE. Both hippocampus and mPFC are believed to be essential for encoding and retrieving episodic memories with the connectivity between these two regions considered critical for cognitive and emotional regulation of memory processes (Maren, Phan, & Liberzon, 2013) and for regulation of context-dependent fear memory retrieval after extinction (Orsini & Maren, 2012) . Neuroimaging studies have shown patients with PTSD consistently display aberrant activity within these brain regions (Milad & Rauch, 2007) . Therefore, following PE, stronger hippocampal-PFC connectivity might reflect a better ability in patients to retrieve previously extinguished memories in the appropriate contexts.
Finally, our exploratory analysis revealed CMA-OFC rsFC inversely correlated with re-experiencing and avoidance symptoms in the PTSD group. We also found a positive correlation between BLA-vmPFC pathway rsFC and hyperarousal symptoms. These results may suggest that clinical features of PTSD reflect discrete dysregulated emotional processing systems. The seemingly surprising finding of negative correlation between increases in BLA-vmPFC connectivity and hyperarousal symptom reduction fits well with several studies reporting an association between hyperarousal symptoms and mPFC and amygdala activity. One study found greater mPFC activity associated with threat hyperarousal symptoms during unpredictable threat anticipation (Grupe, Wielgosz, Davidson, & Nitschke, 2016) , and another study found increased amygdala activity in response to fearful stimuli to be positively correlated with severity of hyperarousal symptoms in PTSD (Stevens et al., 2013) . Consistent with these studies, our finding supports the role of amygdala-PFC connectivity in hyperarousal modulation and raises the possibility that another modulatory area, such as the hippocampus, is required to regulate this hyperarousal output. Our results further suggest FC between hippocampus-and amygdala-cortical areas is needed to process emotionally loaded trauma-related memories. However, as these results were exploratory and found at an uncorrected threshold they should be addressed with caution, and warrant further exploration.
LIMITATIONS
Several study limitations deserve consideration. First, while our overall sample size was substantial for a longitudinal neuroimaging treatment study, it was not large enough to evaluate PTSD subgroups. Thus, differences between responders and nonresponders, or between remitters and nonremitters, remain unclear. Future research using larger samples is needed to further explore these potential differences. Second, our sample consisted primarily of female subjects, which limits generalizability and the opportunity to examine sex differences.
Importantly, we found no significant sex difference between groups.
Still, further studies should aim for a heterogeneous sample. Third, an important unanswered question is whether these neuroanatomical treatment effects endure over time. Also, as scans were only collected pre-and posttreatment, we could not examine intercurrent changes in rsFC during treatment. Future research should assess the long-term effects of PE on rsFC using a follow-up session and might employ an additional mid-treatment assessment to explore intercurrent progress. Additional limitations include using a 1.5 T scanner and a relatively short resting-state scan time. In addition, we used FWE correction within hypothesized regions in the group-by-treatment ANOVA test. Further studies may consider using nonparametric permutation test method to produce more stringent results for voxel as well as cluster-wise inference (Eklund et al., 2012) . Finally, we did not compare the PE group to a PTSD control group receiving a different type of treatment or in a waiting list, which could provide further information on effects of treatment or time, respectively. Thus, further studies should compare PE to other treatment modalities to elucidate whether the current findings are specific to PE or reflect global treatment response.
CONCLUSION
In summary, our findings elucidate potential neuroanatomical targets and mechanisms of PE by describing posttreatment changes in rsFC of the amygdala and hippocampal with the PFC, three important areas that are engaged during emotional regulation and processing.
Exposure-based therapy like PE arguably works by enhancing topdown regulation of cortical areas over the amygdala and hippocampus, as is seen in fear-extinction paradigms. Following PE treatment, patients with PTSD showed increased amygdala and hippocampal rsFC with the PFC, which also correlated with reduced PTSD symptoms.
Further work should extend current findings by examining whether rsFC changes are replicable, particularly following other types of treatment and whether PE has a prolonged effect on the processing of emotional trauma-related memories. This study is an initial step toward developing clinically useful brain targets for PE treatment. Future studies with larger samples could evaluate whether these rsFC patterns can improve our ability to predict treatment response and identify those who will benefit most from PE treatment and why thus providing useful predictive features for developing individualized treatment selection. 
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